Abstract-In this paper, a new design of multi-resonance monopole antenna for use in microwave imaging systems is presented. The antenna configuration consists of an ordinary square radiating patch, a feed-line, and a modified ground plane with pairs of L-shaped slits and parasitic structures which provides a wide usable fractional bandwidth of more than 130% (2.95-14.27 GHz). In the presented design, by cutting a pair of L-shaped slits and also by embedding a pair of inverted L-shaped parasitic structures in the ground plane additional resonances at 9.5 GHz and 13.7 GHz can be achieved. By using these structures, the usable upper frequency of the antenna is extended from 10.3 GHz to 14.27 GHz. The proposed antenna has a symmetrical structure with ordinary square radiating patch, therefore displays good omni-directional radiation patterns even at higher frequencies. The antenna has sufficient and acceptable gain level and also its radiation efficiency is greater than 86% across the entire radiating band. The designed antenna has a small dimension.
INTRODUCTION
In general, the microwave imaging system is formed by a circular cylindrical array antenna in order to detect cancerous tissue. In this approach, circular cylindrical microwave imaging systems require small antennas with omnidirectional radiation patterns and large bandwidth [1] [2] [3] . The majority of the compact ultra-wideband (UWB) antennas presented in the literature exhibit omnidirectional radiation patterns with relatively low gain and an impulse response with observable distortion. These types of UWB antennas are suitable for the short-range indoor and outdoor communication. However, for radar systems, such as a UWB microwave imaging system for detection of tumor in woman's breast, a moderate gain directional antenna is advantageous. Additionally, in order to achieve an UWB impedance bandwidth, as defined by the minimum return loss of the 10 dB, antenna is required to support a very short pulse transmission with negligible distortion. This is necessary to achieve precision imaging without ghost targets.
The unipolar and antipodal Vivaldi antennas presented in the literature [4, 5] satisfy the requirements for imaging systems in terms of bandwidth, gain, and impulse response. However, the achieved performance is at the expense of a significant size, which has a length of several wavelengths. Therefore, the challenge is to reduce their physical dimensions such that it can be incorporated in a compact microwave imaging detection system while maintaining its broadband, high-gain, and distortion-less performance. Several UWB antenna designs with compact size and low distortion have been proposed for the use in the medical imaging systems [6] [7] [8] . Each has its own merits and drawbacks. Some of the proposed antennas have a no planar structure, whereas others have low-gain and/or low radiation efficiency.
In microwave imaging systems, breast phantom is placed on a rotary stage with antennas scanning at the side to simulate the human breast in prone position. Breast phantom is rotated for 360 degrees relative to the stationary antennas to simulate a circular antenna array around the breast circumference.
The overall experimental setup is shown in Fig. 1 . The UWB antennas are used as the transmitter and receiver of the UWB signals.
A new and simple method for designing a novel and compact microstrip-fed monopole antenna with multiresonance characteristic for microwave imaging system applications has been presented. In this paper, based on defected ground structure (DGS), for bandwidth enhancement a pair of L-shaped slits was cut in the ground plane which generates a new resonance at higher frequencies (9.5 GHz). Also based on electromagnetic coupling theory (ECT), by adding a pair of inverted L-shaped parasitic structures at the air gap distance in the ground plane, forth resonance at 13.7 GHz is excited. By using these modified structures, the usable upper frequency of theproposed monopole is improved from 10.30 GHz to 14.27 GHz. The measured maximum gain of the proposed antenna is around of 3.1-6.2 GHz. The antenna dimension is 12 × 18 × 1.6 mm 3 .
ANTENNA DESIGN
The proposed monopole antenna fed by a microstrip line is shown in Fig. 2 , which is printed on an FR4 substrate of thickness 1.6 mm. The basic structure of the proposed antenna consists of the square radiating patch, a feed-line and a ground plane. The proposed antenna is connected to a 50 Ω SMA connector for signal transmission. The radiating patch is connected to a feed line of width W f and length L f . The width of the microstrip feed line is fixed at 2 mm, as shown in Fig. 1 . On the other side of the substrate, a conducting ground plane of width W sub and L gnd length is placed.
This work started by choosing the dimensions of the designed antenna. These parameters, including the substrate, is W sub × L sub = 12 × 18 mm 2 or about 0.15λ × 0.25λ at 4.2 GHz (the first resonance frequency). There is a lot of flexibility in choosing the width of the radiating patch. This parameter mostly affects the antenna bandwidth. As W decreases, so does the antenna bandwidth, and vice versa. Next step, we have to determine the length of the radiating patch L. This parameter is approximately λ lower /4, where λ lower is the lower bandwidth frequency wavelength. λ lower depends on a number of parameters such as the radiating patch width as well as the thickness and dielectric constant of the substrate on which the antenna is fabricated. Final values of the presented antenna design parameters are specified in Table 1 . 
Regarding DGS theory, the creating slits in the ground plane provide additional current paths. Moreover, these structures change the inductance and capacitance of the input impedance, which in turn leads to change the bandwidth [4, 5] . Therefore, by cutting a pair of L-shaped slits in the ground plane, much enhanced impedance bandwidth may be achieved. In addition, based on ECT, by adding a pair of inverted L-shaped conductor-backed plane in the air gap distance, additional coupling is introduced between the bottom edge of the square patch and the ground plane and its impedance bandwidth is improved without any cost of size or expense.
RESULTS AND DISCUSSIONS
In this section, the microstrip monopole antenna with various design parameters was constructed, and the numerical and experimental results of the input impedance and radiation characteristics are presented and discussed. Ansoft HFSS simulations [9] are used to optimize the design anda good agreement between the simulation and measurement is obtained.
The configuration of various antennas used for simulation studies are shown in Fig. 3 . Voltage standing wave ratio (VSWR) characteristics for ordinary square monopole antenna [ Fig. 3 As shown in Fig. 4 , the ordinary square monopole can provide the fundamental and next higher resonant radiation band at 4 and 8 GHz, respectively, in the absence of the L-shaped structures but in the proposed structure. The upper frequency bandwidth is significantly affected by using them. It is observed that by using these modified elements including L-shaped slits and parasitic structures, additional third (9.5 GHz), and fourth (13.7 GHz) resonances are excited and hence the bandwidth is increased [10] [11] [12] .
In order to known the phenomenon behind these additional resonances performance, the simulated current distributions on the ground plane for the proposed antenna at 9.5 GHz, 13.7 GHz are presented in Fig. 5 . It can be observed in Fig. 5(a) , that the current concentrated on the edges of the interior and exterior of the L-shaped slits at 9.5 GHz. As shown in Fig. 5(b) at the fourth resonance frequency the current flows are more dominant around of the inverted L-shaped parasitic structures. As seen in Figs. 5(a) and 5(b), the directions of surface currents are reversed in compared each other, which the antenna impedance changes at 9.5 and 13.7 GHz due to the resonant properties of the L-shaped slits and parasitic structures [13, 14] .
The proposed antenna has a slightly higher efficiency rather than ordinary square antenna throughout the entire radiating band, which is mainly owing to the extra resonant properties. Results of the calculations using the software HFSS indicated that the proposed antenna features a good efficiency, being greater than 86% across the entire radiating band.
Measurement set-up of the proposed antenna for the VSWR, antenna gain and radiation pattern characteristics is shown in Fig. 6 . As illustrated in Fig. 7 , the proposed antenna was built and tested in the Antenna Laboratory at Microwave Technology Company (MWT). The VSWR characteristics of the antenna was measured using a network analyzer in an anechoic chamber. The radiation patterns have been measured inside an anechoic chamber using a double-ridged horn antenna as a reference antenna placed at a distance of 2 m. Also, two-antenna technique using a spectrum analyzer and a double-ridged horn antenna as a reference antenna placed at a distance of 2 m is used to measure the radiation gain in the z axis direction (x-z plane). The measured and simulated VSWR characteristics of the proposed antenna were shown in Fig. 7 . The fabricated antenna has the frequency band of 2.95 to over 14.27 GHz. However, as shown in Fig. 7 , there exists a discrepancy between measured data and the simulated results. This discrepancy is mostly due to a number of parameters such as the fabricated antenna dimensions as well as the thickness and dielectric constant of the substrate on which the antenna is fabricated, the widge range of simulation frequencies. In a physical network analyzer measurement, the feeding mechanism of the proposed antenna is composed of a SMA connector and a microstrip line (the microstrip feed-line is excited by a SMA connector) whereas the simulated results are obtained using the Ansoft simulation software (HFSS), that in HFSS by default, the antenna is excited by a wave port that it is renormalized to a 50-Ohm full port impedance at all frequencies. In order to confirm the accurate return loss characteristics for the designed antenna, it is recommended that the manufacturing and measurement processes need to be performed carefully. Moreover, SMA soldering accuracy and FR4 substrate quality need to be taken into consideration.
The simulated and measured maximum gains of the antenna against frequency are illustrated in Fig. 8 . The antenna gain has a flat property which increases by the frequency. As seen, the proposed antenna has sufficient and acceptable gain level in the operation bands. Figure 9 depicts the measured and simulated radiation patterns of the proposed antenna including the co-polarization and cross-polarization in the H-plane (x-z plane) and E-plane (y-z plane). It can be seen that quasi-omnidirectional radiation pattern can be observed on x-z plane over the whole UWB frequency range, especially at the low frequencies. The radiation pattern on the y-z plane displays a typical figure-of-eight, similar to that of a conventional dipole antenna. It should be noticed that the radiation patterns in E-plane become imbalanced as frequency increases because of the increasing effects of the cross polarization. The patterns indicate at higher frequencies, more ripples can be observed in both E-and H-planes owing to the generation of higher-order modes. The cross-polarization component also increases at higher frequencies due to the increased horizontal surface currents [15, 16] .
In UWB microstrip antennas analysis, the transfer function is transformed to time domain by performing the inverse Fourier transform. Fourth derivative of a Gaussian function is selected as the transmitted pulse. Therefore the output waveform at the receiving antenna terminal can be expressed by convoluting the input signal and the transfer function. The input and received wave forms for the face-to-face and side-by-side orientations of the antenna are shown in Fig. 10 .
It can be seen that the shape of the pulse is preserved in all the cases. Only due to being two notches, there is a bit distortion on received pulses which it was predictable. Using the reference and received signals, it becomes possible to quantify the level of similarity between signals [13] . In telecommunication systems, the correlation between the transmitted (TX) and received (RX) signals is evaluated using the fidelity factor (1).
where s(t) and r(t) are the TX and RX signals, respectively. For impulse radio in UWB communications, it is necessary to have a high degree of correlation between the TX and RX signals to avoid losing the modulated information. However for most other telecommunication systems, the fidelity parameter is not that relevant. In order to evaluate the pulse transmission characteristics of the proposed UWB antenna with dual band-notches, two configurations (side-by-side and face-to-face orientations) were chosen. The transmitting and receiving antennas were placed in a d = 250 mm distance from each other.
As shown in Fig. 10 , although the received pulses in each of two orientations are broadened, a relatively good similarity exists between the RX and TX pulses. Using (1), the fidelity factor for the face-to-face and side-by-side configurations were obtained equal to 0.91 and 0.84, respectively. Values the fidelity factor show that the antenna imposes negligible effects on the transmitted pulses. The pulse transmission results are obtained using CST [17] . The radiating mechanism of the proposed antenna is more novel than was explained in previous works. The proposed structure is the combination of the monopole antenna with the dipole and slot antenna. In this study, the modified ground-plane structure is the combination of the monopole antenna and the slot antenna. By using the modified conductor-backed plane, the interaction of the two parts of the overall antenna is occurred. The embedding parasitic structure in the ground plane of the monopole antenna acts as a dipole antenna that can provide an additional current path. Also the entire back conducting plane could be part of the radiator, especially when operating at lower frequencies. As a result, the radiating mechanism may alter at various portions of the UWB band. The embedding conductor backed plane on the other side of the substrate of the monopole antenna acts as a dipole. Table 2 summarizes the previous designs and the proposed antenna. As seen, the proposed antenna has a compact size with very wide bandwidth in compared the pervious works for microwave imaging applications. In addition, the proposed antenna has a good omni-directional radiation patterns with low cross-polarization level even at the higher and upper frequencies. As the proposed antenna has an ordinary square radiating patch without any slot and parasitic structures at top layer, in compared with previous multi-resonance UWB antennas, the proposed antenna displays a good omnidirectional radiation pattern even at lower and higher frequencies. Additionally, the antenna imposes negligible effects on the transmitted pulses and has a good antenna gain level in the operation bands. 
CONCLUSION
A compact monopole antenna with multi-resonance characteristic for use in microwave imaging system applications has been proposed. The fabricated antenna satisfies the VSWR < 2 requirement from 2.95 to 14.27 GHz. In order to enhance bandwidth, two pairs of L-shaped slits and parasitic structures in the ground plane and hence much wider impedance bandwidth can be produced. The designed antenna has a simple configuration with an ordinary square radiating patch and small size of 12 × 18 mm 2 . Simulated and experimental results show that the proposed antenna could be a good candidate for circular cylindrical microwave imaging system applications.
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